Four manatees were trained to discriminate between a colored stimulus and a shade of gray in a two-fold simultaneous choice situation. The colors blue, green, red and blue-green were tested against shades of gray varying from low to high relative brightness. The animals distinguished both blue and green from a series of grays but failed to discriminate red and blue-green from certain steps of grays. The manatees could not discriminate between a UV-reflecting white target and an UV-absorbing white target. The results indicate that manatees possess color vision which is most likely dichromatic.
INTRODUCTION
The West Indian manatee, Trichechus manatus, is an endangered marine mammal that inhabits the rivers and coastal zones of the southeastern United States, the Caribbean area and northeastern South America. Little is known about the sensory apparatus or capabilities of sirenians. Questions regarding their orientation, navigation, vision, taste, and tactile senses have remained unexplored.
Most previous investigators considered sirenian vision to be very poor due to the small size of the eyes, the paucity of retinal ganglion cells and the apparent absence of an accommodation mechanism (Dexler & Freund, 1906; Petit & Rochon-Duvigneaud, 1929; Walls, 1942; Rochon-Duvigneaud, 1943; Duke-Elder, 1958; Ronald et al., 1978; Piggins et al., 1983; West et al., 1991) . Hartman (1979) and Gerstein (pers. comm.) take the opposite view from their observations of visually guided behavior of the manatee. However, up to now there have been no quantitative behavioral tests to resolve these questions.
In relation to its body size the manatee eye is small (c. 1.9 cm dia), and nearly spherical. The shape of the lens is also nearly spherical and seems to suit the aquatic environment. The anterior chamber is shallow and the cornea is thickest peripherally and fairly flat, whereas the sclera appears thicker posteriorly than elsewhere. There is a well-developed iris musculature with a sphincter and dilator; the color of the iris can vary from brown to blue.
The ciliary muscle fibers are sparse. There are contradictory reports about the presence of a tapetum in the manatee eye (Piggins, 1983) . The optic nerve is thin. The reports regarding ocular refraction in sirenians also seem to disagree. Piggins et al. (1983) reported low hyperopia to emmetropia in water and found no astigmatism in Trichechus inunquis. Petit and Rochon-Duvigneaud (1929) found that the dugong eye (Dugong dugong) appears emmetropic in air and therefore hyperopic under water, Dexler and Freund (1906) reported that the dugong is myopic in air and hyperopic under water. Apparently there is no accommodation mechanism (Walls, 1942; West et al., 1991) . The overlap of the monocular visual fields was estimated at 15 deg (Piggins et al., 1983) . The visual pigment extraction of a Trichechus inunquis retina yielded a pigment based on vitamin A1 with a maximal absorption at about 505 nm (Piggins et al., 1983) .
There is one detailed study on the fine structure of the retina using both light and electron microscopy (Cohen et al., 1982) , which showed that the manatee retina (T. manatus) has both rod-like and cone-like photoreceptors. The ganglion cells in the center of the ventral retina are more numerous than at the periphery, which suggests the presence of an area centralis. The terminals of cone cells can be further subdivided into pale and moderate staining types with the same general shape and size, and they frequently occur in pairs side by side in the retina (Cohen et al., 1982) . The finding of two types of cone cells raises the possibility of color vision in the West Indian manatee.
This study demonstrates in behavioral experiments that the manatee is indeed able to discriminate colors, and that there are strong indications for a dichromatic color vision system, which would agree very well with prior morphological findings. 
Subjects
The subjects were four female sea cows living in an aquarium in the Zoo of Ntirnberg (Germany). Sabina, at 8 years old was the oldest experimental animal, and was also the mother of another experimental subject, Mona, who was 2 years old at the time of the experiments. The other two females, Cara and Lisa, were 1 and 3 years of age.
The training and test sessions were carried out at 8 o'clock in the morning because at this time the manatees were very active. One of the favorite food items of the manatees were carrots cooked in salted water. The carrots were cut into pieces and offered to all the manatees to find out which ones would be the best subjects for training. The first choice was Sabina, who was the most reliable in appearing at the sessions and cooperating. Because there was only one pool, it was impossible to separate Sabina from the rest for the experiments. None of the other animals were fed any more during the experiments, therefore they seldom bothered Sabina during her sessions.
At the beginning of the fourth test Sabina suddenly stopped cooperating, so her daughter Mona was trained for the tests, starting with the same color as Sabina. Interestingly, for almost 2 weeks during the test series for blue, Mona refused carrots or anything else as reinforcement but wanted only to be patted and stroked as a reward for her correct choice. There was no effect on the quality of her performance, except that the test sessions took twice as long as before, because Mona decided when she was willing to do the next trial by taking up the right position again. Unfortunately, Mona was sold before she could finish the last test, so Cara, 1 year old, took over. Since Lisa always joined her sessions, these two females did the last tests in parallel. In sum, each color test was completed by two animals.
Rationale of the experiments
In the training as well as in the tests (except for the UVtest), the manatees had to discriminate a colored target from a gray target in a two-fold simultaneous choice situation.
In the test series, the colors were tested against a series of grays. The color was first presented with very dark shades of gray (almost black); then successively brighter grays were used until they were much brighter than the color (almost white). If the animal was able to discriminate the color from all shades of gray, one can assume that the color was perceived as a quality. On the other hand, when there is a range where the color is confused with one or more gray shades, the animal chooses on brightness cues rather than color quality. Discrimination is not possible if the color and certain shades of gray have subjectively the same brightness. In this range, the performance of the animal should be at chance level.
The test with the color blue-green should indicate the existence of a neutral point. If we hypothesize that manatees are dichromats with a short-wavelengthsensitive cone and a middle-wavelength-sensitive cone, then there should be a hue of blue-green which stimulates the two hypothetical photoreceptors equally strong, so that this color cannot be discriminated from a gray of equal brightness.
In the UV-test the animals were tested for discrimination between two white targets which differed only in their reflectance in the UV-part of the spectrum.
A generalization test was performed with Sabina to see if she would generalize a color regardless of the shape of the stimuli, and also if she would generalize this color if presented with other colors in varying shades of brightness.
Stimuli
The gray stimuli consisted of a series of 30 shades of gray, which were made such that the intervals between two shades were below the ability to discriminate brightness differences in the manatee (Griebel & Schmid, in prep.) . The only adjacent gray steps which the animals could discriminate were Gray 1 and Gray 2 (see Table 1 ), where the difference in reflection is 13%.
The gray plates were produced by exposing photographic paper in an arithmethic series of exposure times resulting in shades from white to black. The photographic papers were fixed on plastic plates (30 x 30 cm) and covered with a dull nonreflecting varnish. The relative lightness of the gray plates was measured (Bacher-OnLine-Densiometer), the values expressed in photographic density (D) and converted into relative reflection (R(%) = 100 x 10-°). Table 1 gives the density and relative reflection values of all gray targets from white to black (1-30).
The color stimuli for the training and tests were papers in the colors blue, green, red, and blue-green. In training, three different colors of blue (B1, B2, B3), green (G1, G2, G3) and red (R1, R2, R3), respectively, were used which differed mainly in brightness (for a human observer). In the tests, four different colors were tested against the series of grays (blue, green, red, and bluegreen). The test for the color blue-green was planned to continue with different hues of blue-green, but the first hue tested was already indiscriminable for the animals.
The colors that were used for the tests were fixed on plastic plates (30 x 30 cm) and varnished. The colored papers and the greys used for the training were cut into circles of 30 cm diameter and fixed onto cardbord plates. The stimuli plates for the tests were presented to the animal in two identical plexiglass boxes (31 x 31 cm front side, depth 1.3 cm) with a 1.5 cm wide gray frame on the non-reflecting front screen and a handle on the back for holding.
For the UV-test a white paper (Whatman chromatography paper) with an equal spectral reflection of 90% throughout the spectrum from 300 to 700 nm was used. Two squares of this paper (30 x 30 cm) were presented in two plexiglass boxes of the same size as described above, with the only difference that one of the front screens was COLOR VISION IN THE MANATEE wavelength in nm FIGURE 1. Spectral distribution of the reflected light of the stimuli. Blue, green, red and blue-green (a, e, i, m) are the color stimuli used for the color test. B1, B2, B3, GI, G2, G3, RI, R2, and R3 are the color stimuli used for the training and in the generalization test (b, c, d, f, g, h, j, k, 1). Gray 17 (n) gives an example of the spectral distribution of a medium shade of gray from the 30-part series of grays and was also used for the training and in the generalization test. UV-absorbing white and UVreflecting white (o, p) are the stimuli used for the UV-test and show the spectral distribution of a UV-reflecting white paper behind a UV-absorbing plexiglass screen (o) and behind a UV-transmitting plexiglass screen (p).
made of a UV-blocking plexiglass (R6hm, Makrolon 281) and the other screen a UV-transmitting plexiglass (R6hm, Plexiglas gs 2458). The spectral reflectance of the colored papers was measured using a Zeiss spectrophotometer (MCS 230)
The gray plates were also measured to ensure that the spectral distribution of the reflected light was the same in the entire spectral range. Figure l(n) gives an example of a medium shade of gray, Gray 17, which was also used in the training sessions. The spectral reflectance of the white paper for the UV-test in combination with the UV-blocking and the UV-transmitting plexiglass screen was also measured and is shown in Fig. 1 (o) and (p). The two curves are nearly identical except for the UV-part of the spectrum.
For the generalization test blue versus gray, the blue stimulus B2 [Fig. l(c) ] and the gray stimulus Gray 17 [Fig. l(n) ] were used. In the generalization test of blue vs red and green, B2 was tested against G1, G2, and G3 for green and R1, R2, and R3 for red [ Fig. l (1)]. The colored papers and the grays used for this test were fixed on cardboard plates and cut to a variety of shapes (see Table 4 ) of approximately the same size with a diameter of about 30cm. In the course of the generalization test, three-dimensional objects of unknown spectral reflection like a blue box, a blue frisbee, a gray sieve and a gray box of approximately the same size were also used.
The tests were conducted in an indoor facility. The manatee pool was illuminated with plant lamps (Osram HQI, 250W) with a daylight-equivalent emission spectrum, which showed a relatively even distribution from the UV to red. The ambient light in front of the stimuli was measured with a Minolta Chroma-Meter XY-1; the constant illumination level was 150 Ix.
Procedure
The training stimuli and the stimuli boxes were presented directly at the edge of the manatee pool above the water. The manatee was trained to position itself in front of the experimenter in a position perpendicular to the edge of the pool with its head out of the water, looking with both eyes at the experimenter. The targets were then presented to the animal at a distance of 30 cm from each other, and in equal distance from its head at the edge of the pool. The manatee made its choice by touching one of the targets with its snout. At a correct choice, the experimenter blew a whistle, the targets were removed, and the animal received a handful of carrots as a reward. In the case of a wrong choice, the targets were removed and a little pause followed before the next trial started.
In order to ensure that the subjects were not being cued by the experimenter, experimentally naive persons who were uninformed about the nature of the discrimination task were asked to present the stimuli to the manatees. In sum, 40 different persons acted as experimenters. During the generalization test each session was performed by a different person.
A test session usually consisted of 20-25 trials per day, depending on the cooperation of the animal, which was fairly constant. When an animal did not reach 20 trials in one session, the same discrimination task was presented again in the next session. The chance level of performance in a two-choice discrimination is 50%, and the criterion level was set at 75%.
Training
During training, the initial task for the manatees was to discriminate blue B2 (medium brightness) from a medium gray (Gray 17). The animals had to choose the color target as the positive stimulus. The position of the positive stimulus was changed according to the criteria of Gellerman (1933) . During a series of ten trials the color appeared five times on each side and did not stay at one position more than twice. To avoid side preferences the positive stimulus remained at the same position until the animal chose correctly. When performance reached the level of 75%, in the next session Gray 17 was presented with B1 (bright blue) until choice frequency reached the criterion level of 75%. Then the gray target was tested together with the B3 target (dark blue) until criterion performance. Finally, to test if they would choose the blue independently of brightness cues, each of the three shades of blue was presented randomly in one session with the gray target. The same training procedure was repeated with green and red, using always a bright, a medium and a dark shade of the color. The training targets were under no brightness control but there was always a large brightness difference between the three shades of the color (Fig. 1) .
With the color blue-green, the training procedure was different. The color blue-green with the measured spectral reflection shown in Fig. l(m) was used and presented with three shades of gray varying from bright to dark. Since the blue-green appeared very bright to the human eye, and as it seemed likely that the spectral sensitivity of the manatee is highest in the blue part of the spectrum, the shades Gray 3, Gray 10, and Gray 16 were chosen to train the animals on the color.
Tests
(a) Color vs gray. The colors blue, green, red and bluegreen were tested against a series of shades of gray, the color being the positive stimulus and the gray the negative stimulus. The colors were tested in the sequence blue, green, red and blue-green. Not all 30 shades of gray were tested with each color; the darkest and the brightest shades were omitted. The test was started with relatively dark shades of gray and continued to brighter grays until either the animals' performance dropped below criterion level or until the shades of gray were almost white. During the tests the manatees were always reinforced for their choice to avoid frustration.
In the first test blue vs gray, Sabina performed two sessions for every combination of blue and gray; but since her performance was very reliable, this was reduced to one session per combination. The same combination was presented for a second time only if the animals did not reach 20 trials during one session.
(b) UV-test. For the UV-test a UV-reflecting white paper behind a UV-absorbing plexiglass screen was presented together with the same white paper behind a UV-transmitting plexiglass screen. The manatees ability to discriminate between these two targets which differed only in their reflectance in the UV-part of the spectrum was tested [see Fig. 1(o) and (p) ].
(c) Generalization test. After Sabina had finished the blue test, a generalization test was performed to see if she would generalize the color blue regardless of the shape of the stimuli, and also if presented with other colors in varying shades of brightness. Because Sabina had already shown her ability to discriminate blue from all grays, the stimuli in the generalization test were under no brightness control. The disk used in the test had a diameter of 33 cm and all the other shapes of stimuli (see Table 4 ) were of approximately the same size. The shape of the stimuli in the test of blue vs the colors was also a disk.
RESULTS

Discrimination between blue and gray
Table 2(a) and (b) show the course of the training for Sabina and Mona. Both animals quickly learned to discriminate between the medium blue B2 and the medium gray Gray 17. When the bright blue target B1 and the dark blue target B3 were presented with the gray, they immediately chose the blue. When these three shades of blue were presented randomly but with equal frequency in one session, Sabina's performance was 73% and Mona's performance was 90% correct choices.
During the test with the target blue and the series of grays [Fig 2(a) and (b) ], both animals always chose the blue target, regardless of the brightness of the gray. Sabina and Mona. Both animals quickly learned the new discrimination between the training target of medium green G2 and the medium gray Gray 17. They also had no problems with the other two shades of green, G1 and G3, not even when the three shades were presented randomly in one session. Sabina achieved 92% and Mona 91% correct choices. 
Discrimination between green and gray
Discrimination between red and gray
Table 2(e), (f) and (g) shows the course of training for Sabina, Mona and Cara. During the training Sabina immediately chose the medium and the dark shade of the training targets R2 and R3, but her performance fell to 67% when she had to discriminate the bright red R1 from Gray 17. After this session, she refused to continue the experiments.
Mona needed three sessions to learn this new discrimination task after the test for green, and also dropped below 75% when the dark and the bright shade of red were presented to her for the first time. In the second presentation of R3 and R1 her performance was high again, as it was in the session when the three shades were presented randomly together (92%).
Cara achieved an extremely high performance of 95% in her very first session. Also the other shades of red and the mixed presentation were easily discriminated. She constantly chose the color with a very high performance level of 95%.
Figure 2(e) and (f) gives the results of the test for Mona and Cara. In the beginning both manatees showed an extremely high performance level, which dropped below 75% at Gray 20 with Mona and Gray 21 with Cara; Gray 20 and Gray 21 are relatively dark shades of gray. It seems that the animals had been choosing on the basis of brightness cues. In Cara's last session with red vs Gray 20, the performance level seems significant, but it is the result of a very persistent side preference in which Cara chose the same side for almost the whole session; thus the In the training for the colors blue, green and red, Gray 17 was first paired with the medium shade of the color until the manatees reached criterion (75%), then the dark and the bright shade of the color were presented until again performance reached 75%. Finally in one or two sessions all three shades of the color were presented randomly with Gray 17 to test if the animals were orienting on the color cue. In the training for the color blue-green, the same procedure was done with three different shades of gray, Gray 3, 10, and 16. The blue-green was first paired with the medium shade Gray l0 until criterion performance, then the bright and the dark shade (Gray 3 and 16) were presented until the manatees reached 75%. In the last session all three shades were presented randomly with the color blue-green. (n = Number of trials.) performance level of this last session is difficult to interpret.
Discrimination between blue-green and gray
Table 2(h) and (i) shows the course of the training for Cara and Mona. Both manatees needed many sessions to learn the first discrimination between blue-green and a medium gray, Gray 10 [Table 2(h) and (i)]. The performance for both animals dropped to chance level when the bright gray, Gray 3 was presented for the first time, but in the next session they reached a high performance level again. The same happened when the dark gray, Gray 16 was presented, although this time it took Mona three sessions longer to learn the discrimination. When the three shades were presented in one session, the performance of both animals again dropped to chance level, indicating that the manatees were choosing on brightness cues only.
In the test [ Fig. 2 (g) and (h)] itself the performance of the animals was very high at the beginning with Gray 20 (between 80% and 90%) and dropped to chance level at Gray 15 with Mona and at Gray 16 with Cara. Table 3 (a) and (b) and Fig. 3(a) and (b) show the results of the discrimination test of the UV-reflecting white target and the UV-absorbing white target. The UVtest was done by Lisa, an experimentally naive animal, and Cara, who already had experience in discrimination testing. Nevertheless both animals failed to discriminate between the two stimuli. For Lisa, the UV-refiecting white target was rewarded as the positive target and for Cara the UV-absorbing white was the positive target. After 202 trials with Cara and 307 trials with Lisa their performance was still at chance level.
UV-test
Generalization test
In the first seven sessions (1-7) of the generalization test Sabina was confronted with two objects of the same shape such as two circles, two triangles, two hearts etc. (see Table 4 ), which varied with every session. One object was always blue and the other gray. Sabina's performances during the first seven sessions were very high and she never made a mistake on the first trial. In the next four sessions (8-11) Sabina was presented with two different pairs of objects for each session. Her performance was also very good and there was no first trial error. In session 12 Sabina was presented with threedimensional objects in blue and gray, such as a box, a frisbee, and a sieve. All were easily discriminated.
At session 13 the discrimination of blue B2 vs three shades of red was tested, starting with R2 and R1 for ten trials each. In session 14, her performance on R3 was 78% and she also made no mistake on the first trial. O~  gray  20  19  18  17  16  15  14  gray  20  19  18  17  16  15  14  n  22  20  21  41  20  21  20  n  21  20  24  22  30 20 20
VALUES OF GRAYS / NUMBER OF TRIALS
FIGURE 2. Results of the color tests for the animals Sabina, Mona, and Cara. The manatees had to discriminate a color stimulus (blue, green, red, and blue-green) from a series of grays varying in brightness from dark to bright in a two-choice discrimination test. The values of grays and the number of trials (n) done with each combination of color and gray are indicated on the abscissae. The dashed lines in (a) indicate the chance level (50%) and the criterion level (75%) of performance.
In session 15 the discrimination of blue against green, G2 and G3, and in session 16 G1 was tested. Sabina's performance with the color green was also good, although with the bright green, G1, for the first time she made an error on her first trial. The second trial was correct again, so it is very unlikely that the discrimination between blue and G1 was based on a learning effect.
DISCUSSION
The experiments show that manatees can use color information, and the fact that they are very easily trained on color cues indicates some significance of color vision in their everyday life.
The manatees discriminated the color blue and green from a series of grays, but they could not discern red and The animals had to choose between a UV-reflecting white target and a UV-absorbing white target in a two-choice discrimination. For Cara the UV-absorbing white was the positive stimulus and for Lisa the UV-reflecting white was the positive stimulus. (n = Number of trials.)
blue-green from certain shades of gray. These results agree very well with the results of the investigations of color vision in two other marine mammals, the fur seal (Busch & Decker, 1987) in which a very similar method was used; and the California sea lion (Griebel & Schmid, 1992) , in which the stimuli for the color tests (blue, green, and red) were the same stimuli as those used in this study. The fur seals and the sea lions discriminated blue and green from a series of grays, but none of the experimental animals was able to discern red from certain steps of grays.
In the test of the color red vs the series of grays, both manatees first discriminated the red target from the very dark shades of gray, but when the grays became brighter, their performance dropped to chance level. The results of the training procedure, however, suggest that the manatees still might be able to discriminate the color red. In training, the manatees had to discriminate a medium gray from a dark, a bright, and a medium shade of red. In the final session, all three shades of red were presented randomly with the medium gray, so there was no possibility to use brightness as a cue to discern the stimuli. Still both Mona and Cara showed no signs of confusion when all three shades of red were presented randomly.
Given the rationale of the test, we can assume that at the beginning of the test there was a considerable brightness difference between the red and the gray targets, which became smaller as the test proceeded to the brighter grays. The results show that the red stimulus appeared brighter than the gray for the manatees for at least five consecutive sessions, which are over a hundred NUMBER OF TRIALS PER SESSION FIGURE 3. Graphs of the results of the UV-test for the animals Cara and Lisa. The animals had to choose between a UVreflecting white target and a UV-absorbing white target in a two-choice discrimination. For Cara the UV-absorbing white was the positive stimulus and for Lisa the UV-reflecting white was the positive stimulus. The dashed lines in (a) indicate the chance level (50%) and the criterion level (75%) of performance. (n = Number of trials per session.) In sessions 1-7 the manatee had to discriminate between a blue (B2) and a gray stimulus (Gray 17) of the same shape which varied with each session. From session 8 in each session two different pairs or stimuli were presented to the animal. In sessions 8-11 Sabina had to discriminate two different shapes of stimuli in blue and gray for every 10 trials. Only for the first ten trials in session 8 two equal shapes were presented. In session 12 Sabina had to choose between three-dimensional objects in blue and gray. From session 13-16 blue (B2) was paired with the three shades of the color red (R1, R2, R3) and green (G1, G2, G3). Here the shape of the stimuli was a disc.
test trials. It could be that during this time brightness became the dominant cue for the animals and therefore their performance failed when red was presented with grays of equal brightness and this cue was no longer available. It might very well be that given additional training sessions with the grays of the same brightness level as the red stimulus the animals would switch to the color cue again. With the color blue-green both animals failed to discriminate blue-green from certain steps of grays in the test. They also failed to discriminate this color after extensive training (Cara: 266 trials, Mona: 517 trials) in the final training session in which the color was presented randomly with a bright, a medium, and a dark gray. It seems that already in the training the manatees were orienting on the basis of brightness cues only. Thus with this test we have a very strong indication of a dichromatic color vision system.
The results of the generalization test not only demonstrate that the manatee can generalize a color independently of the shape of the stimuli, but also independently of other colors, which indicates that for the animal the green and red stimuli used in this test appeared as different in hue from blue. This also supports the assumption of more than one cone type in the manatee retina.
Since Jacobs' discovery (Jacobs et al., 1991) of a UVreceptor in the rodents, it seemed improper for this study to omit an inspection of the UV-part of the spectrum completely, as has been the habit in mammal color vision studies so far. However, there seems to be no UVsensitivity in the manatee.
The photic conditions of the riverine and coastal habitat that manatees occupy differ in many aspects from those in air. The scattering effects from suspended particles and water molecules lead to a strong decrease in contrast with increasing distance. Surface reflection, scattering and absorption of light drastically reduce brightness with depth; according to the type of water and the suspended and dissolved material, different wavelengths are quite variably scattered and absorbed.
Thus, relative darkness, reduced contrast, and short visibility are characteristic of the aquatic environment. Here, color vision can effectively enhance contrast and contribute to the detection of objects. As in many fish, an additional photoreceptor not only broadens the spectral sensitivity of the eye, but is also useful in enhancing visual contrast. Lythgoe and Partridge (1991) pointed out that maximum visibility of objects under water requires two types of photoreceptors, one matched to and the other offset from the spectral distribution of background light against which the object has to be detected.
What we do not know is how much manatees use vision in air, possibly as a means of orientation or in search of food along riverbanks. The fact that our manatees were readily trained on stimuli in air indicates that also above water, vision may be of some importance for sea cows.
